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REACTANT LIQUID SYSTEM FOR
FACILITATING THE PRODUCTION OF
CARBON NANOSTRUCTURES

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application 1s a continuation of U.S. patent applica-
tion Ser. No. 11/173.,419, filed Jul. 1, 2005 now abandoned,
and entitled “Reactant Liquid System for Facilitating the
Production of Carbon Nanostructures,” which 1s a continua-
tion-in-part of U.S. patent application Ser. No. 10/887,695,
filed Jul. 9, 2004 now U.S. Pat. No. 7,550,128, and entitled
“Method and Apparatus for Producing Carbon Nanostruc-
tures,” and a continuation-in-part of U.S. patent application
Ser. No. 11/025,717, filed Dec. 29, 2004 now U.S. Pat. No.
7,563,426, and entitled “Method and Apparatus for Preparing
A Collection Surface for Use 1 Producing Carbon Nano-
structures.” The Applicant claims the benefit of each of these
applications under 35 U.S.C. §120. The entire content of each
of these applications 1s incorporated herein by this reference.

TECHNICAL FIELD OF THE INVENTION

The present invention relates to methods for manufacturing,
carbon nanotubes and other carbon nanostructures from a
carbon-bearing feedstock. In particular, the invention relates
to methods for placing carbon atoms in condition to form
impurity-free carbon nanostructures. The invention also
includes a particular type of carbon nanostructure.

BACKGROUND OF THE INVENTION

Carbon nanostructures have recetved a great deal of inter-
est since their discovery. It has been suggested that carbon
nanostructures may have important applications in electron-
1cs, in materials sciences, and 1n a number of additional fields.
As used 1n this disclosure, a carbon nanostructure comprises
a structure formed from chemically bonded carbon atoms,
with or without impurities or intentionally added materials
incorporated 1n the carbon structure or adjacent to the carbon
structure. Carbon nanostructures include structures in which
carbon atoms are arranged 1n generally a series of intercon-
nected hexagonal rings formed 1nto a tube or other structure.
Carbon nanostructures may be single walled or multiple
walled nanotubes, nanofibers, nanorope, or nanowire. Single
wall nanotubes include a single layer of the hexagonally
arranged carbon atoms, while multiple walled nanotubes are
made up of an inner layer of carbon atoms and a series of one
or more outer layers of hexagonally arranged carbon atom
structures.

Despite the interest 1n carbon nanostructures and the poten-
tially important uses for such structures, the practical appli-
cation of carbon nanostructures 1n products has been slowed
by the difficulty in manufacturing such structures. Two gen-
eral types of processes have been employed to produce or
1solate carbon nanostructures. One process type uses a plasma
arc between carbon electrodes. U.S. Pat. Nos. 5,482,601 and
5,753,088 describe such carbon plasma arc processes for
producing carbon nanotubes. Another process type involves
simply 1solating naturally formed carbon nanotubes from
graphite and soot. Such an isolation process or refinement
process for carbon nanotubes 1s described 1in U.S. Pat. No.

5,560,898.

The prior processes for producing or isolating carbon
nanotubes have been found to produce only small quantities
of carbon nanotubes of inconsistent quality. The low quality
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carbon nanotubes produced or 1solated by the prior methods
commonly included metal or other atoms incorporated 1n the
carbon structure. These impurities incorporated in the walls
of the carbon nanotubes may have a negative impact on the
qualities and properties of the nanotube and may render 1t
unsuitable for an intended purpose. In particular, prior carbon
nanostructure production techniques include no mechanism
for preventing hydrogen atoms and other atoms that may be
present 1n the carbon-bearing feed material from being 1ncor-
porated into the nanocarbon structure. Also, prior carbon
nanostructure production techmques tend to allow carbon
from the feed material to become incorporated into the carbon
nanostructures i an unpredictable fashion outside of the
desired interconnected hexagonal ring structure. This inclu-
s1on of amorphous carbon 1n the resulting carbon nanostruc-
ture greatly degrades the properties and usefulness of the
resulting carbon nanostructure.

SUMMARY OF THE INVENTION

The present invention provides methods for placing carbon
in condition to form high-quality, substantially impurity-iree
carbon nanostructures. The present mvention also encom-
passes a novel type of carbon nanostructure.

A method according to the present invention includes 1so-
lating carbon atoms as conditioned carbide anions below a
surface of a reactant liquid. The conditioned carbide anions
are then allowed to escape from the reactant liquid to a col-
lection area where carbon nanostructures may form. The 1s0-
lation of carbon atoms as conditioned carbide anions includes
two components. A first component involves separating the
carbon atoms from a carbon-bearing feed material that has
been mtroduced into the reactant liquid and preventing the
carbon atoms from combining with other materials. The sec-
ond component of 1solating carbon atoms as the desired con-
ditioned carbide anions 1volves increasing the energy state
of the separated and 1solated carbon atoms. The desired
energy state of carbide amions within the scope of the present
claims 1s at least the SP3 hybnd energy state, in which the
carbide amions have absorbed greater than 22 eV (electron
volt) of energy from the reactant liquid bath. Thus, a “condi-
tioned carbide anion™ within the scope of the present claims
refers to acarbide anion at least at the SP3 hybrid energy state.

The isolation of carbon atoms as conditioned carbide
anions within the scope of the present mvention may be
accomplished by chemical reduction, chemical oxidation,
reactions from acids, bases, or salts, or pyrolysis in the reac-
tant liquid. For example, one preferred form of the invention
utilizes a liquid reactant metal to chemically reduce a carbon-
bearing feed material to 1solate carbon atoms from the feed
maternial and elevate the energy state of the 1solated carbon
atoms to form the desired conditioned carbon anions, that 1s,
carbon anions at least at the SP3 hybrid energy state. Regard-
less of the particular mechanism by which the reactant liquid
1solates the carbon atoms, maintaiming carbon atoms that
have been separated from the feed material below the surface

of the reactant liquid allows the carbon atoms to remain
isolated from each other and other materials with which

bonds could form and allows the carbon atoms to be ener-
gized to the desired conditioned state.

A carbon structure according to the present invention
includes at least one layer made up of hexagonally arranged
carbon atoms. Each carbon atom has three covalent bonds to
adjoining carbon atoms and one unbound p1 electron. Thus,
the carbon structure according to the present invention 1s a
pure carbon structure, free of contaminating amorphous car-
bon and any other contaminating atoms. The carbon structure
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according to the invention 1s also free of hydrogen that would
otherwise form a fourth covalent bond with each carbon atom.
This contamination-iree and hydrogen-iree carbon structure
may take the form of flat sheets of material or single or
multi-walled tubes.

These and other advantages and features of the mnvention
will be apparent from the following description of the pre-
terred embodiments, considered along with the accompany-
ing drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a diagrammatic representation of an apparatus
embodying the principles of the invention.

FIG. 2 1s a diagrammatic end view of an outlet end of the
reaction chamber shown in FIG. 1.

FIG. 3 1s a diagrammatic representation of an alternate
collection chamber according to the present invention.

FIG. 4 1s a diagrammatic representation of another alter-
nate collection surface arrangement within the scope of the
present invention.

FIG. § 1s a diagrammatic representation of another alter-
nate collection chamber according to the present invention.

FIG. 6 1s a diagrammatic representation of a test apparatus
that has been used to produce carbon nanostructures accord-
ing to the present invention.

FIG. 7 1s a diagrammatic 1isometric representation of a
single-walled carbon nanostructure according to the present
ivention.

FIG. 8 1s a diagrammatic isometric representation of a
double-walled carbon nanostructure according to the present
invention.

DESCRIPTION OF PREFERRED
EMBODIMENTS

The claims at the end of this application set out novel
teatures which the Applicant believes are characteristic of the
invention. The various advantages and features of the mven-
tion together with preferred modes of use of the invention will
best be understood by reference to the following description
of illustrative embodiments read in conjunction with the
drawings ntroduced above.

Referring to the diagrammatic representation of FIG. 1, an
apparatus 100 for producing carbon nanostructures according
to the present invention includes a reactant liquid vessel 101
for containing a reactant liquid 105 at a reactant liquid level
102. An 1njection arrangement shown generally at reference
numeral 103 allows a stream of feed material to be mjected
into reactant liquid vessel 101 at an 1injection point 104 below
reactant liquid level 102. Apparatus 100 further includes a
collection arrangement shown generally 1n dashed box 106.
The 1llustrated collection arrangement includes a collection
chamber 107 positioned to receive elfluent escaping from the
reactant liquid 1n an eftluent ejection area shown generally at
reference numeral 108. The collection arrangement also
includes a collection surface 110 within collection chamber
107, the collection surface residing at a position above the
reactant liquid level and adjacent to effluent ejection area 108.

The apparatus shown 1n FIG. 1 includes a reaction chamber
portion formed within vessel 101 below the reactant metal
level 102. This reaction chamber 1s shown generally at refer-
ence numeral 112 and 1s defined by a tunnel structure having
an upper wall 114 located below the reactant liquid level 102
in vessel 101. The tunnel structure 1s best shown 1n the end
view of FIG. 2 and includes side walls 115 1n addition to the
upper wall 114. Referring again to FIG. 1, the tunnel structure
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4

produces an elongated tunnel below the reactant liquid level
102 in vessel 101. Feed matenal 1s injected at a feed end 116
of the tunnel structure and reaction products from the reaction
of the feed material in the reactant liqud exits the tunnel
structure at an outlet end 117. The figures show these reaction

products 1n the reactant metal as bubbles 118. Preferred forms
of the tunnel structure include one or more tflow channels or
lips 119 at the outlet end 117 that each defines a location 1n
which the relatively light reaction products collected at the
top of the tunnel structure exit the tunnel. The importance of
directing the reaction products to particular locations will be
described further below 1n connection with the collection
chamber 107.

The function of the tunnel structure defined by side walls
115 and upper wall 114 1s to help ensure good contact
between the reactant liquid and the feed material and between
the reactant liquid and any intermediate reaction products that
form from initial reactions of feed material, and to ensure
sufficient residence time for the feed material and reaction
products 1n the reactant liquid. This contact and residence
time helps ensure the 1solation of substantially all carbon
from the carbon-bearing feed material and elevation of the
resulting carbon amons to the desired conditioned carbon
anions. The placement of the tunnel below the reactant liquid
level 102 also ensures that a pressure 1s maintained on the feed
material and mtermediate reaction products. This pressure
results from the column of reactant liquid above the feed
material and intermediate reaction products. The tunnel struc-
ture shown 1n the present drawings includes one or more vents
or passages 120 along the length of the tunnel structure to
allow fresh reactant liquid to continually flow into the tunnel
structure along its length and to help accommodate the expan-
s1on of gasses 1n the tunnel.

The form of the mvention shown 1n FIG. 1 includes an
enclosure 121 over reactant liquid vessel 101. It will be appre-
ciated that apparatus 100 will also commonly require an
arrangement for heating the reactant liquid to maintain it 1n a
desired temperature range, and an arrangement for circulat-
ing the reactant liquid in vessel 101 and especially through the
reaction chamber 112 defined by the tunnel structure walls
114 and 115 1n the direction shown by arrow F 1n FIG. 1.
Heating the reactant liquid may be accomplished by burning
suitable hydrocarbon fuels, by electrical induction, or by any
other suitable process. Further details on the tunnel structure
and the structure of vessel 101 and arrangements for heating
and circulating reactant liqud, particularly a liquid reactant
metal such as aluminum alone or together with other metals,
may be found 1n U.S. Pat. No. 6,227,126, which 1s incorpo-
rated herein by this reference. However, since these details
are not necessary for an understanding of the present inven-
tion, such details are omitted here.

Feed material injection arrangement 103 includes an injec-
tion conduit 124 having an outlet end that extends to injection
point 104 below the reactant liquid level 102. The 1njection
point 104 1s located so that the feed matenial exiting the
conduit 1s captured within the tunnel structure under upper
wall 114, and thus 1s forced to flow along the upper wall and
along the entire length of the tunnel structure belfore 1t can exit
the reactant liquud 1n effluent ejection areca 108. This flow
along the lower surface of upper tunnel wall 114 helps ensure
complete destruction of the feed maternial and any intermedi-
ate reaction products that may form as the feed material 1s
destroyed by reaction with or in the reactant liquid, and
results 1n the formation of the desired 1solated carbon anions
in the reactant liquid. Injection point 104 1s also preferably at
a depth below the reactant liquid level 102 to produce a
desired reaction pressure due to the column of reactant liquid
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above the injection point. For a predominantly aluminum
reactant liquid, this pressure 1s approximately 2.4 pounds per
square 1inch above atmospheric pressure. Due to the relatively
high temperature that may be present in the reactant liquid,
conduit 124 1s preferably enclosed in a suitable thermal 1nsu-
lating sheath 127 which may comprise one or more layers of
insulating material or a jacket through which a cooling flmid
may be circulated. The upper end of conduit 124 1s connected
to a line which ultimately extends to a feed material supply
128 and preferably a purge gas supply 129 through a suitable
arrangement ol control valves 130.

Collection chamber 107 1s located with respect to the outlet
end 117 of the tunnel structure so that reaction products 118
are ultimately captured 1n the collection chamber. That 1s, the
reaction products 118 flow up from flow channels 119 and
traverse the surface of the reactant liquid 1n effluent ejection
area 108 into the area defined as collection chamber 107. This
area 1s defined by chamber walls 134. An outlet conduit 135
receives material that 1s not collected within chamber 107,
and removes that material from the system. This material
removed through conduit 135 may include gasses such as
hydrogen and nitrogen, carbon, and particulates that escape
the reactant liquid bath. Although 1t 1s not shown 1n FIG. 1, 1t
will be appreciated that suitable equipment may be connected
to outlet conduit 135 to remove recoverable material from the
citluent that reaches the outlet conduat.

In the form of the invention shown 1in FIG. 1, collection
surface 110 comprises an upper surface of a collection struc-
ture 138 that either tloats or 1s fixed so that a lower surface 139
of the structure resides below reactant liquid level 102 while
the collection surface 110 resides above the reactant liquid
level 1n collection chamber 107. A deflection surface 140 may
also be included 1n collection chamber 107 positioned to
deflect effluent traversing the surface of the reactant liquid 1n
citluent ejection area 108 so that the effluent, including the
conditioned carbon atoms, flow over collection surface 110. It
will be noted that 1in the embodiment shown 1n FIG. 1, both
collection surface 110 and detflection surface 140 extend 1n a
respective plane transverse to a device vertical axis V. Also, in
the embodiment shown 1n FIG. 1, lower surface 139 of col-
lection structure 138 forms a blocking structure positioned
above the respective flow channel 119 and below the reactant
liquid level 102 1n reactant liquid vessel 101. The effluent
from the feed material/reactant liquid reaction must flow
around this blocking structure in order to reach effluent ejec-
tion area 108 and exit the reactant liquid.

Collection surface 110 may be located from just above
reactant liquid level 102 (an 1inch or less) to as much as three
teet above the reactant liquid. One or more seed objects may
be 1included on collection surface 110. Seed objects may be
any type of objects that encourage or facilitate the assembly
of carbon nanostructures from the conditioned carbon atoms
exiting the reactant liquid bath. Seed objects may include
pure catalyst metals such as titantum and platinum, for
example, or metal oxides such as manganese oxide, magne-
sium oxide, copper oxide, chromium oxide, and titanium
oxide, for example. The catalyst may or may not be sacrificial.
Seed objects may also include graphite surfaces, carbon sur-
faces, and seed carbon nanostructures. The seed objects may
be spaced apart across collection surface 111 or may make up
the entire collection surface. For example, the entire collec-
tion structure 138 may be formed from graphite or carbon or
some other material that serves as a seed material. In another
example, seed objects comprising atoms of catalyst metals
may be liberated from reactant liquid 105 and deposited
across collection surface 110 as described 1n related U.S.
patent application Ser. No. 11/023,717.
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Reterring to FIG. 3, an alternate collection surface arrange-
ment includes a collection structure 301 mounted onarod 302
or other suitable support in collection chamber 303 defined by
chamber walls 306. Lower surface 304 of structure 301 pro-
vides a blocking surface similar to surtace 139 shown in FIG.
1, while surface 3035 provides the collection surface 1n the
embodiment shown 1n FIG. 3. This alternate embodiment 1s
advantageous because the entire collection structure 301 may
be readily withdrawn from collection chamber 303 through a
suitable access opeming (not shown) 1n the chamber 1n order
to gain access to the collection surface 305 and remove carbon
nanostructures that have collected on the collection surface. It
1s noted that the vessel 101, outlet conduit 135, tunnel upper
wall 114, reactant liquid 105 and reactant liquid level 102 are
identical to those shown 1n FIG. 1.

The alternative embodiment shown in FIG. 4, includes
collection structures 401 similar to structure 301 shown 1n
FIG. 3. However, the embodiment shown 1n FIG. 4 also
includes additional blocking structures 402 supported below
the reactant liquid level 102. These blocking structures 402
direct reaction products in the reactant liquid 1035 toward a
central portion of each collection structure 401 so that the
reaction products must tlow around the collection structures
to exit the reactant liquad. It will be noted that the view 1n FIG.
4 1s at about 90 degrees to the view in FIGS. 1 and 3. It will be
turther noted that multiple spaced apart tflow channels at the
outlet end 117 of a tunnel structure such as that shown i FIG.

1 would be required to allow the reaction products to flow up

properly beneath each of the blocking structures 402 shown in
FIG. 4.

The alternate collection arrangement shown in FIG. 5
includes a series of collection members 501 having vertically
extending collection surfaces 502. The vertical orientation of
surfaces 502 1s 1n contrast to the collection surface 110 shown
in FIG. 1, which extends transverse to the device vertical axis
V. That 1s, the collection surfaces 502 extend parallel to
device vertical axis V rather than transverse. Collection mem-
bers 501 may comprise cylinders or plates that are spaced
apart sufficiently to allow effluent other than the materials to
be mcorporated 1n nanostructures to reach outlet conduit 135.

A method according to the present invention may now be
described with reference particularly to the embodiment
shown 1n FIG. 1. Such a method includes i1solating carbon
atoms from hydrocarbon molecules by reaction within or
with a reactant liquid and maintaining the 1solated carbon
atoms 1n the reactant liquid for a suilicient period of time to
place the carbon atoms in the desired excited form as condi-
tioned carbon anions. This step 1s performed in apparatus 100
in FIG. 1 by contacting a carbon-bearing feed material from
supply 128 with the reactant liquid 1n vessel 101. Suificient
contact time to produce the conditioned carbon anions 1s
achieved 1n apparatus 100 by ensuring that the feed material
and any intermediate reaction products must tlow the entire
length of the tunnel structure defined by upper tunnel wall 114
and side walls 115. Also, the reactant liquid 1s maintained at
a suitable reaction temperature to effect the desired liberation
of carbon atoms. For example, where the reactant liquid 1s
made up predominantly of aluminum the liqud 1s maintained
between approximately 650 degrees Celsius and approxi-
mately 950 degrees Celsius, and more preferably at approxi-
mately 900 degrees Celsius. Injection point 104 and upper
tunnel wall 114 are located deep enough 1n the reactant liquid
to produce a desired reaction pressure, preferably at least 2.4
psig at least at some point in the apparatus where the reactant
liquid comprises predominantly aluminum. These preferred
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temperatures and pressure conditions together with the nature
of the reactant liquid ensure the production of the desired
conditioned carbon anions.

The time and energy required to liberate carbon atoms from
the carbon-bearing feed material will depend upon the nature
of the feed matenal. For example, assuming a feed material of
CH,, approximately 1735.5 Btu of kinetic energy per mole of
teed material will be required to liberate the carbon atoms
trom the CH, molecules. The energy required for this carbon
liberation step may also be calculated for other carbon-bear-
ing feed materials based on the bond energy required to break
the chemical bonds to or between the carbon atoms 1n the
respective feed material. Additional energy 1s then required to
produce the desired conditioned carbon anions, that 1s, carbon
anions at least at the SP3 hybrid energy state. Specifically,
about 11 eV of kinetic energy 1s required to energize the
carbon from the ground state to the first activation energy
level, and about another 1.88 ¢V of energy 1s required to move
the carbon (that 1s, the electrons associated with the carbon
atom) from the first activation energy to the second activation
energy level, which may be referred to as the 3PS2P2 energy
state. From this point, additional energy in the amount of
approximately 8 eV 1s required to move the electrons associ-
ated with the carbon atom from the second activation energy
level to the 35S atomic structure of the SP3 hybrid energy state.
Thus, once the chemical bonds of the feed stock are broken to
1solate a carbon atom into the reactant liquid, the carbon then
requires about 3.1703x10~*" Btus of energy per carbon atom,
that 1s, about 25 electron volts of kinetic energy per atom, to
be converted to the desired conditioned carbon anions. It will
be noted that these conditioned carbon anions remain highly
energetic while 1n the high energy conditions of the liquid
reactant, and remain highly energetic and unstable at the time
they escape from the high energy conditions of the liquid
reactant material, such as by eluding 1nto the collection cham-
ber 107 shown 1n FIG. 1.

To produce carbon nanostructure from the conditioned car-
bon anions generated in the reactant liquid, the conditioned
carbon anions are allowed to traverse the surface of the reac-
tant liguid 1n effluent ejection area 108, and are directed
across collection surface 110 which may include one or more
seed materials or objects. Collection conditions are main-
tained 1n chamber 107 and at collection surface 110 at which
the conditioned carbon anions phase change to a ground state
by carbon nanostructure self-assembly.

Maintaining collection conditions 1n chamber 107 and at
surface 110 may 1include controlling the temperature and
citluent flow conditions as well as the appropriate atmosphere
in chamber 107. In particular, an appropriate collection atmo-
sphere comprises an atmosphere that does not chemically or
physically interfere with the desired carbon nanostructure
formation. Purging collection chamber 107 of materials that
could chemically react with the conditioned carbon anions
betfore they can form the desired nanocarbon structures may
be particularly important 1in creating and maintaining the
desired collection atmosphere. Thus, a preferred process
includes first purging the chamber 107 by directing a suitable
purge gas such as argon or some other noble gas or an inert gas
from purge supply 129 to chamber 107. A separate purge
arrangement may alternatively or additionally be included 1n
the system with a purge inlet directly in chamber 107 to
prevent having to run the purge gas through the reactant
liquad.

The tlow regime of effluent exiting the reactant liquid and
flowing through collection chamber 107 may be important for
allowing the conditioned carbon anions to bond together to
produce the desired carbon nanostructures without extrane-
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ous atoms becoming incorporated in the structures. It is
believed that a low velocity turbulent tlow regime over col-
lection surface 110 110 (that 1s, a flow producing eddy cur-
rents over the collection surface) best facilitates the produc-
tion of carbon nanostructures without incorporating heavier
atoms (such as metals) that may escape from the reactant
liquid bath. It may also be possible to adjust the flow rate and
composition of effluent flowing over collection surface 1n
order to encourage the imcorporation of various atoms other
than carbon in the carbon nanostructures produced at the
collection surface. The invention encompasses numerous
techniques for controlling the composition and flow rate of
eifluent through collection chamber 107 and over collection
surface 110. The relative amount of carbon-bearing feed
material 1n the material injected at point 104 and the type or
types of hydrocarbon materials injected may influence both
flow rate and content of flow. An inert or noble gas may be
injected together with the feed material from purge gas supply
129 or from some other supply to affect the flow rate of
eifluent through chamber 107 and the content of the effluent.

Some forms of the invention may purposefully inject one
or more materials into the collection chamber 107 through a
separate collection chamber 1input, that 1s, separate from etilu-
ent ejection area 108, 1n order to affect the tlow characteristics
in the tflow chamber and 1n order to provide desired materials
to be incorporated 1n the carbon nanostructures. Such a sepa-
rate collection chamber mput may include a suitable tube
such as the example tube 150 shown 1n FIG. 1 which traverses
a collection chamber wall and which includes an injection end
151 at a point to direct injected materials against collection
surface 110 as effluent flows up from the reactant liquid 105
and passes over the collection surface. Particles of seed mate-
rial may also be i1njected into collection chamber 107 with
such an injection conduit. These particles of seed material
may be injected prior to enabling the conditioned carbon
anions to tflow across collection surface 110 or while condi-
tioned carbon anions are tlowing across the collection sur-
face.

Numerous other variations may be employed to produce
the desired flow regime and flow characteristics through col-
lection chamber 107. Two methods are employed 1in apparatus
100 shown 1n FIG. 1. One method employs deflection surface
140 to detlect effluent escaping from the reactant liquid at
citluent ejection areca 108. This deflection 1s preferably pro-
duced anywhere from just above the surface of the reactant
liquid to approximately three feet above the surface of the
reactant liquid. Other types of deflection surfaces or features
may also be employed according to the present invention. The
other flow regime and characteristic atfecting technique used
the apparatus shown in FIG. 1 comprises providing collection
surface 110 1n a transverse plane with respect to device ver-
tical axis V along which the effluent mitially flows as 1t
escapes the reactant liquid. Providing this transverse collec-
tion surface 110 produces a low pressure area on the collec-
tion surface 1n an area near the rightmost edge in FIG. 1. The
low pressure area created as effluent tlows over the rightmost
upper edge of collection structure 138 in FIG. 1 1s believed to
encourage the collection of conditioned carbon anions at that
location of collection surface 110 and the production of car-
bon nanostructures at that location. It will be appreciated that
numerous different collection surface profiles or contours
may be employed to encourage the desired collection of con-
ditioned carbon anions and self-assembly of nanostructures.
For example, collection surface 110 may include one or more
projections and/or indentations to produce the desired tlow
characteristics across the collection surface.
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Any number of reactant liquids may be used to react the
teed materials or feed material constituents according to the
present invention. A preferred reactant liquid comprises 1ig-
uid aluminum e1ther alone or with other metals as disclosed in
U.S. Pat. No. 5,000,101, which 1s also incorporated herein in
its entirety. Temperatures may prelferably range from
approximately 650 degrees Celsius to approximately 950
degrees Celsius for reactant metals mcorporating a substan-
tial fraction of aluminum. Other reactant liquids may be used
within different temperature ranges suificient to liberate car-
bon atoms and place them in the desired chemically excited
state as conditioned carbon anions for assembly 1nto nano-
structures at collection surface 110. The mnvention encom-
passes any liquid that either reacts with the feed material or
otherwise causes carbon atoms to be liberated from the feed
material and excited to conditioned carbon anions. The car-
bon atoms may be liberated by chemaical reduction (as in the
case of a reactant liquid made up predominantly of alumi-
num), by chemical oxidation, by providing chemically neu-
tral electron reduction potentials, or by applying suilicient
kinetic energy (through heat) to break the carbon bonds to
other atoms 1n the feed molecules, or by any of these mecha-
nisms. Liberated carbon atoms may then be converted to the
desired conditioned carbon amions by any suitable process,
preferably by heat applied through the reactant liquid. The
reactant liquid may be a metal, acid, base, salt, or any com-
bination of these. The temperature of the particular liquid waill
depend upon the particular reaction required to liberate car-
bon atoms from the feed material and the nature of the reac-
tant liquid itself. For example, chemically neutral liquids that
liberate carbon atoms by heat alone may be held at very high
temperatures to produce the desired carbon liberation, and
excitation to conditioned carbon anions. Temperatures on the
order of approximately 1500 degrees Celsius or more may be
required for carbon liberation and excitation by heat alone.

Collection surface 110 1s also preferably maintained 1n a
similar temperature range as the reactant liquid, and most
preferably at a temperature just below the reactant liquid
temperature, for example, approximately fifty (50) degrees
Cels1us or less below the liquid reactant temperature. Thus,
the collection surface 110 and collection chamber 107 in
areas near the collection surface will be 1sothermic or nearly
1sothermic with respect to the reactant liquid. It 1s believed
that these reactant liquids, and temperatures, together with
the reaction pressure and contact time with the reactant liquid
not only liberate the carbon atoms from the hydrocarbon feed
material but also places the liberated carbon 1n the excited
state as conditioned carbon anions. The reactant liquid 1s also
believed to surround the liberated carbon atoms while they
are still 1n the reactant liquid to maintain the carbon atoms 1n
the chemically excited state as conditioned carbon anions and
prevent them from phase changing to a ground state before
they have a chance to self-assemble into the desired nano-
structures at the collection surface 110. The conditions are
maintained at the collection surface according to the present
invention so that these conditioned carbon anions phase
change to a ground state as they bond covalently with other
carbon atoms at the collection surface to form the desired
carbon nanostructures.

It will be appreciated that some carbon that escapes the
reactant liquid may also be diatomic carbon and double or
triple bonded carbon. As used in this disclosure and the
accompanying claims, “liberated carbon atoms™ includes
single atom carbon, diatomic carbon, and other two-carbon
combinations such as two-carbon double bonded structures
and two-carbon triple bonded structures. All of the liberated
carbon atoms as well as all surviving carbon molecules escap-
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ing the reactant liquid will also be chemically excited, that 1s,
will have active electrons. Some of the two-carbon combina-
tions and/or other surviving carbon molecules that may
escape the reactant liquid may be incorporated, together with
single, chemically excited carbon atoms, into molecularly
combined carbon nanostructures within the scope of the
present 1nvention.

The present mvention may use any number of carbon-
bearing compounds as the feed material or as part of the feed
material. Preferred forms of the invention utilize hydrocarbon
compounds 1ncluding single-bonded carbon either predomi-
nantly or exclusively. However, compounds including double
and triple bonded carbon may be used according to the mven-
tion provided suificient contact time with the reactant liquid
to liberate carbon atoms and energize them to conditioned
carbon anions for assembly 1nto carbon nanostructures, or to
produce chemically excited carbon molecules for assembly
into carbon nanostructures. Some forms of the invention may
adjust the content of the various carbon-bearing materials 1n
a feed material mixture to provide a desired concentration of
liberated single carbon atoms and liberated carbon molecules
for incorporation into the desired carbon nanostructures. For
example, the feed materials may be manipulated so that the
elfluent escaping the reactant liquid includes carbon 1n
desired relative concentrations of single carbon atoms and
double bonded carbon molecules.

It 1s also noted that some reactant liquids are capable of
liberating carbon atoms from highly stable forms of carbon.
For example, the preferred reactant liquid made up of alumi-
num or alloys of aluminum has the capability of liberating
carbon atoms from even highly stable forms of carbon such as
graphite and carbon nanostructures given suilicient contact
time. Thus, some types of reactant liquids, whether they oper-
ate by chemical reduction, chemical oxidation, pyrolysis, or
by reactions from acids, bases, or salts, may be used to destroy
carbon nanostructures and recycle the carbon atoms from
these materials in different types of carbon matenals. In one
aspect of the present invention, carbon nanostructure materi-
als may be mtroduced into a reactant liquid such as liquid
aluminum or liquid aluminum alloy at 630 to 950 degrees
Celsius to 1solate conditioned carbon anions from the carbon
nanostructure material. The conditioned carbon anions may
then be directed to a recovery area where the liberated carbon
may be recovered. The recovery area may comprise a collec-
tion chamber such as chamber 107 in FI1G. 1 where the carbon
anions may self-assemble 1to new carbon nanostructures.
Alternatively, the recovery area may comprise a collection
surface free area 1n which the carbon anions are encouraged to
phase change to a ground state without self-assembly 1nto
carbon nanostructures.

Tests which were conducted according to the present
invention may be described with reference to the test appara-
tus 600 shown diagrammatically in FI1G. 6. This test apparatus
600 included a vessel 601 containing liquid reactant metal
602 made up of predominantly aluminum together with a
number of other metals at about 930 degrees Celsius. The
liquid reactant metal 602 was continuously circulated to and
from a heating chamber not shown 1n FIG. 6 with a stirring
device also not shown in the figure. An 1mjection/collection
structure included 1n test apparatus 600 was made up of an
injection conduit 604 that extended down from a top wall 605
to an mjection point 606 below the level 607 of reactant metal
602. Subsurface deflecting elements 608 helped prevent reac-
tion products 609 from escaping the bath too quickly. A
collection structure 610 included a rectangular plate gener-
ally centered 1n vessel 601. Effluent escaping from the reac-
tant metal 602 traversed the surface of the metal at level 607
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in areas A and 1n small gaps G between injection conduit 604
and collection structure/plate 610. During the collection part
of the test, plate 610 was mostly submerged 1n liquid metal

602 leaving at most about one-half inch of the plate thickness
above level 607.

In the tests, once the 1njection conduit/collection structure
was 1n place in vessel 601, argon gas was 1njected through
input line 612 and ultimately through conduit 604 and the
reactant metal to displace air and any other gasses trapped in
the area between level 607 and top 605 which formed the
collection area of the apparatus. Once the collection area was
purged with argon gas, methane was 1njected through input
614 at a rate of approximately four liters per minute for
between thirty and forty-eight hours. Thereatter, acetylene
gas and motor o1l were also pumped through conduit 604. The
injection conduit/collection structure was then removed from
vessel 601 and allowed to cool 1n open air. Black soot-like
material was observed over substantially the entire upper
surface of collection plate 610. This material was scraped off
plate 610 1n several areas and observed through a scanning
clectron microscope down to a resolution of approximately
one micron and a transmission electron microscope at up to
200,000 times magnification. These observations showed
single-walled carbon nanotubes, double-walled carbon nano-
tubes, nanofibers, and carbon nanoropes 1n the sample mate-
rial.

FIGS. 7 and 8 may be used to describe carbon nanostruc-
tures that may be produced from the conditioned carbon
anmions generated beneath a surface of a reactant liqud
according to the present invention. A novel quality of carbon
nanostructures produced from reactant liquid-generated con-
ditioned carbon anions 1s that substantially all other materials,
including even hydrogen may be excluded from the resulting
carbon nanostructures. The resulting carbon nanostructures
are made up purely of hexagonally arranged carbon atoms
with each carbon atom having three covalent bonds to adjoin-
ing carbon atoms and one unbound p1 electron. FIG. 7 shows
a small portion carbon nanostructure made up of a single layer
of hexagonally arranged carbon atoms 701. This structure
may be planar or may be a portion of a nanotube wall. Each
carbon atom 701 includes three covalent bonds 702 to adjoin-
ing carbon atoms 701. Fach carbon atom 701 also includes
one unbound p1 electron 703 having an orbital extending
generally at a right angle to the plane of the adjacent hexago-
nal arrangement. The unbound p1 electrons 703 are shown in
the view of FIG. 7 as extending uniformly on one side of the
hexagonal rings. However, 1t will be appreciated that carbon
nanostructures according to the invention may be formed
with unbound p1 electrons arranged on each side of the hex-
agonal rings. That 1s, some unbound p1 electrons may extend
in the direction shown 1n FIG. 7, while others may extend 1n
the opposite direction.

FIG. 8 shows a small portion of another carbon nanostruc-
ture made up of hexagonal rings of carbon atoms 801. This
structure, however, 1s made up of two distinct layers of hex-
agonally arranged carbon atoms, layer 802 and layer 803.
Each layer 802 and 803 may be planar or each may form part
of a tubular structure, a double-walled nanotube. As 1n the
structure of FIG. 7, each carbon atom 801 1s covalently
bonded to three adjoining carbon atoms and includes an
unbound p1 electron 804 having an orbital extending gener-
ally perpendicular to the plane of the hexagonal structure.
Again, the unbound p1 electrons need not all extend on one
side of the hexagonal structures, but may be interleaved or
otherwise extend on opposite sides of the hexagonal struc-
tures.
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It 1s believed that the hydrogen-iree and impurity-iree car-
bon nanostructures illustrated 1n FIGS. 7 and 8 are produced
by two cooperating factors according to the present invention.
First, the conditioned carbon anions and other materials, such
as hydrogen, released from a carbon-bearing feed matenal are
maintained 1n an 1solated state beneath the surface of the
reactant liquid, each completely surrounded by atoms of the
reactant liquid, as individual separate “islands” 1n the reactant
liquid. Thus, there 1s no possibility of contaminant incorpo-
ration with the carbon 1n the reactant liqud 1itself. Second,
once the conditioned carbon anions and any energized carbon
molecules escape from the bath to the 1sothermic or nearly
1sothermic nanostructure collection surface (110 1n FIG. 1),
the energy states of all the non-carbon atoms remains such
that the non-carbon atoms form antibonding molecular orbit-
als with respect to carbon. This formation of molecular orbait-
als 1n the non-carbon atoms prohibits the non-carbon atoms,
including hydrogen and any other atomic contaminants, from
bonding with the eluding carbon anions and molecules.
Rather, the eluding conditioned carbon anions rapidly phase
change 1nto carbon nanostructures while hydrogen atoms and
other non-carbon atoms eluding from the reactant liquid are
carried on as effluent that eventually exits the system through
outlet conduit 135 in the embodiment of FIG. 1.

As used herein, whether 1n the above description or the

=B B A

following claims, the terms “comprising,” “including,” *““car-
rying,” “having,” “containing,” “involving,” and the like are to
be understood to be open-ended, that 1s, to mean including but
not limited to. Only the transitional phrases “consisting of™
and “consisting essentially of,” respectively, shall be consid-
ered exclusionary transitional phrases, as set forth, with
respect to claims, in the United States Patent Office Manual of
Patent Examining Procedures (Fighth Edition, August 2001
as revised September 2007), Section 2111.03.

Any use of ordinal terms such as “first,” “second,” “third,”
etc., in the claims to modity a claim element does not by 1tself
connote any priority, precedence, or order of one claim ele-
ment over another, or the temporal order 1n which acts of a
method are performed. Rather, unless specifically stated oth-
erwise, such ordinal terms are used merely as labels to dis-
tinguish one claim element having a certain name from
another element having a same name (but for use of the
ordinal term).

The above described preferred embodiments are intended
to 1llustrate the principles of the invention, but not to limit the
scope of the mnvention. Various other embodiments and modi-
fications to these preferred embodiments may be made by
those skilled in the art without departing from the scope of the
present 1nvention.

The invention claimed 1s:

1. A method including;:

(a) mtroducing a carbon-bearing material into a reactant

liquad;

(b) 1solating carbon atoms from the carbon-bearing mate-
rial as conditioned carbide anions located within the
reactant liquid;

(¢) providing a collection area which contains at least one
collection surface;

(d) enabling the conditioned carbide amions to traverse a
surface of the reactant liquid and travel into the collec-
tion area over the at least one collection surface con-
tained 1n the collection area;

(¢) introducing a material into the collection chamber
through a separate collection chamber 1input as the con-
ditioned carbon anions travel over the collection surface,
the separate collection chamber 1nput having an 1njec-

tion end positioned within the collection chamber so that

-
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the material introduced into the collection chamber
through the separate collection chamber input 1s directed
against the collection surface as the conditioned carbon
anions travel over the collection surface; and

(I) removing carbon nanostructures from the collection
chamber.

2. The method of claim 1 wherein the reactant liquid 1s

made up of one or more liquid metals.

3. The method of claim 2 wherein the reactant liquid
includes predominantly aluminum.

4. The method of claim 3 wherein the reactant liquid 1s held
at a temperature of approximately 900 degrees Celsius.

5. The method of claim 1 wherein the reactant liquid 1so-
lates carbon atoms from the carbon-bearing matenal by
chemical reduction, chemical oxidation, or pyrolysis, or by
reactions from acids, bases, or salts.

6. The method of claim 1 wherein the matenal injected into
the collection chamber through the separate collection cham-
ber input includes a seed matenal for the formation of carbon
nanostructures.

7. The method of claim 1 wherein the reactant liquid com-
prises a liquid metal made up predominantly of aluminum
and held at a temperature between approximately 650 degrees
Celstus and approximately 950 degrees Celsius, and the col-
lection surface 1s at a temperature no more than fifty (50)
degrees Celsius below the temperature of the reactant liquid.

8. The method of claim 1 wherein the carbon-bearing mate-
rial includes carbon nanostructures.

9. The method of claim 1 wherein the carbon-bearing mate-
rial includes single carbon bonds exclusively.

10. A method including;:

(a) introducing a carbon-bearing material into a reactant

liquad;

(b) 1solating carbon atoms from the carbon-bearing mate-
rial as conditioned carbide anions located within the
reactant liquid;

(c) enabling the conditioned carbide anions to traverse a
surface of the reactant liquid and travel into a collection
area adjacent to the reactant liquid;

(d) introducing a seed material into the collection chamber
as the conditioned carbon anions travel into the collec-
tion chamber, the seed material comprising a material
which encourages the assembly of carbon nanostruc-
tures from the conditioned carbon atoms 1n the collec-
tion area; and

(¢) removing carbon nanostructures from the collection
chamber.
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11. The method of claim 10 further including providing a
collection surface within the collection area.

12. The method of claim 11 wherein the seed material 1s
introduced into the collection chamber through a separate
collection chamber input as the conditioned carbon anions
travel over the collection surface, the separate collection
chamber mput having an mjection end positioned within the
collection chamber so that the seed material i1s directed
against the collection surface as the conditioned carbon
anions travel over the collection surface.

13. The method of claim 12 wherein the carbon-bearing
material includes single carbon bonds exclusively.

14. The method of claim 11 wherein the reactant liquid
comprises a liquid metal made up predominantly of alumi-
num and held at a temperature between approximately 650
degrees Celsius and approximately 950 degrees Celsius, and
the collection surface 1s at a temperature no more than fifty
(350) degrees Celsius below the temperature of the reactant
liquad.

15. An apparatus for producing carbon nanostructures, the
apparatus including:

(a) a reactant liquid vessel for containing a reactant liquid

at a reactant liquid level;

(b) a feed material injector having an outlet end positioned
within the reactant liquid vessel at a point below the
reactant liquid level;

(c) a collection chamber positioned to receive efiluent
escaping irom the reactant liquid in the reactant liquid
vessel;

(d) a collection structure, the collection structure including
a collection surface having at least a portion which 1s
spaced apart from side walls of the collection chamber
and which resides 1n the collection chamber at a position
above the reactant liquid level; and

() a separate collection chamber input having an injection
end positioned in the collection chamber so as to direct
a material flowing out of the imjection end against the
collection surface.

16. The apparatus of claim 15 further including a reaction
chamber located within the reactant liquid vessel and having
an upper surface below the reactant liquid level of the reactant
liquid vessel.

17. The apparatus of claim 135 wherein the collection struc-
ture 1s suspended 1n the collection chamber from a support
extending from a top of the collection chamber.
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